BACKGROUND: Calcium phosphate ceramics have been widely considered as scaffolds for bone tissue engineering. Selection of the best support for cultured cells, crucial for tissue engineered systems, is still required. OBJECTIVE: We examined three types of calcium phosphate compounds: α-tricalcium phosphate -the most soluble one, carbonate hydroxyapatite -chemically the most similar to the bone mineral and biphasic calcium phosphate -with the best in vivo biocompatibility in order to select the best support for osteoblastic cells for tissue engineered systems. METHODS: Human osteoblasts were tested in direct contact with both dense samples and 3D scaffolds in either static or dynamic culture. Cell viability, cell spreading, osteogenic cell capacity, and extracellular matrix production were examined. RESULTS: The obtained data indicate that biphasic calcium phosphate is the optimal cell-supporting material. In addition, dynamic culture improved cell distribution in the scaffolds, enhanced production of the extracellular matrix and promoted cells osteogenic capacity. CONCLUSIONS: Biphasic calcium phosphate should be recommended as the most suitable matrix for osteogenic cells expansion and differentiation in tissue engineered systems.
Introduction
Calcium phosphates (Ca-P) have been for years intensively investigated as potential bone substitutes due to their similarity to a natural bone mineral [1] [2] [3] . Promising experimental findings resulted in a broad offer of Ca-P products on the medical market [4] . Currently, of interest are not only ceramic powders, which are intended to be used as bone fillers or a crucial part of osteoinductive bone cements [5] [6] [7] . During the last decade a lot of attention has been paid to a potential use of Ca-P as scaffolds for bone tissue engineered products (BTEPs), which are highly expected new generation of bone substitutes [8] [9] [10] [11] . Classified as medicinal products and not medical devices, bone tissue engineered products are more demanding regarding their manufacturing, storage, delivery and a formal approval. Convincing results of animal experiments confirm a benefit from the presence of living cells in ceramic implants and therefore justify the application of Ca-P as scaffolds for BTEPs. There is a wide set of Ca-P ceramics which are considered for this purpose since they are in general well tolerated by cells in vitro and host tissues in vivo [12, 13] . However, the successful implementation of BTEPs depends on optimization of all elements of the tissue engineered system. In BTEP, scaffold plays not only a role of a filler but must serve as a perfect support for cells in culture prior to implantation. Although a lot of data concerning cytocompatibility of various bioceramics are available, it is difficult to compare different materials if they originate from various sources. This is because cell response to the support depends not only on its chemical nature but also on many other factors related to the details of the manufacturing process. In the present study three types of Ca-P scaffolds obtained by similar technology in the same laboratory are compared as candidate scaffolds for BTEPs with particular emphasis put on the osteogenic cell response in vitro. They have been selected for various advantages coming from their chemical structure. Thus, alpha tricalcium phosphate (αTCP) -for its solubility [14, 15] , carbonate hydroxyapatite (CHA) -for the chemical similarity to the bone [16, 17] , and biphasic calcium phosphate (BCP) -for the best in vivo biocompatibility [13, [18] [19] [20] [21] [22] . The in vitro cell response toward BCP, CHA and αTCP has been evaluated in order to select the most advantageous calcium phosphate composition for 3D expansion and differentiation of human osteoblasts. The comparison of the effects obtained by using static or dynamic culture conditions (for tissue engineered systems) based on these materials is also provided.
Materials and methods

Calcium phosphates dense disks and porous scaffolds preparation
Preparation of the initial calcium phosphate (CaPs) powders
Calcium phosphate powders i.e., HA, βTCP, CHA and αTCP were produced by a wet chemical method. In such synthesis H 3 PO 4 , (NH 4 ) 2 HPO 4 (POCH, CENTRO-CHEM, Poland) and CaO (analytically pure -UBICHEM or LOBA Co.) were applied as the phosphorus and calcium reagents, respectively. Ammonium hydrogen carbonate (NH 4 HCO 3 ) was used as reactant introducing CO 3 2− groups. pH of the reaction mixtures was stabilized with ammonium hydroxide solution. The suspensions were aged for 48 h at room temperature and decanted. The resultant precipitates after washing with deionized water and filtration were dried at 90 • C and ground to the size below 0.06 mm. HA and βTCP powders were calcined at 800 • C in air atmosphere, whereas αTCP powder at 950 • C. BCP powder was obtained by mixing HA and βTCP powders in the ratio 3:2.
Preparation of dense ceramic disks
The initial powders were pressed under the pressure of 100 MPa to disks of 7.8 mm in diameter and 5 mm in height. The samples of BCP were sintered in air at 1250 • C for 2 h, αTCP -at 1300 • C for 5 h, while the samples of CHA in CO 2 atmosphere at 900 • C for 1 h.
Preparation of highly porous scaffolds
CaPs powders were used to prepare the slurries designed for soaking polyurethane foams (EURO-FOAM, Poland). Slurries containing 71-75 wt% of BCP, αTCP and 58 wt% of CHA were prepared. The powders were slowly added to distilled water under constant stirring. In order to stabilize and improve rheological properties of the suspensions the following dispersing agents were used: Dolapix PC-67 (Zchimmer and Schwarz, GmbH, Germany) in the form of 10% solution and 0.5% solution of methylcellulose (Fluck). The scaffolds were fabricated via impregnating and drying polyurethane matrices. The sintering process was carried out as for dense samples. The obtained disks were of 12 mm in diameter and 4 mm in height.
Characteristics of the materials
Phase composition of the materials was determined by X-ray diffraction in the 2θ angle range of 10-90 • using Philips X'Pert Pro Panalytical diffractometer. Quantitative phase analysis was made by the Rietveld method. Apparent density and total porosity dense ceramic disks was measured by Archimedes method. Apparent density of porous ceramic scaffolds was calculated from the mass and dimensions of minimum five samples having regular shapes. Total porosity of porous samples was evaluated based on the values of apparent and helium densities. The results are presented in Table 1 .
Surface morphology of the materials was studied by SEM. The micrographs are shown in Fig. 1 . The ceramic samples of BCP, CHA and αTCP were sterilized by radiation (25 kGy) prior to cell culture experiments.
Isolation and culture of human bone derived cells
Human bone derived cells (HBDCs) were used in all the described experiments. The cells were isolated according to Gallagher et al. [23] . Briefly, bone chips were washed with PBS (containing Ca 2+ and Mg 2+ ions; Gibco) and then digested with collagenase XI S (Sigma) overnight. Samples were then washed with PBS and placed in a 150 ml cell culture flask (Costar-Nunc) containing standard culture medium based on Dulbecco's Modified Eagle Medium DMEM medium (Gibco) supplemented with foetal bovine serum (FBS) (10%) (Gibco), l-glutamine (1%) (Gibco), antibiotic-antimycotic solution (1%) (Gibco) and L-ascorbic acid 2-phosphate (120 mM) (Sigma). Cells were cultured in a CO 2 incubator (at 37 • C in 5% CO 2 , humidified atmosphere). The medium was changed every seven days. Cell migration from the bone chips occurred within 2-4 weeks. After reaching a confluence, the HBDCs were used in experiments.
The authors obtained the approval from the Bioethics Committee of the Medical University of Warsaw for the experimental use of human cells from tissues harvested during surgery.
Cell culture on dense ceramic disks
The sterile dense disks due to their dimensions (6 mm in diameter) were tightly fixed into the wells of 96-well culture dishes. The cells were seeded on the disks surfaces in the following concentrations: 15,000 cells per ceramic disk for quantitative assays, and 5000 cells per ceramic disk for morphology assessment and image analysis. HBDCs cultured on the tissue culture polystyrene well (TCPS) were used as a control.
After three days, a standard culture medium (described above) was changed to the osteogenic medium, i.e. standard medium supplemented with 10 nM dexamethasone (Sigma) and 14 mM β-glycerophosphate disodium salt (Sigma). The osteogenic medium was changed every two days.
The HBDCs culture lasted up to ten days at 37 • C in a 5% CO 2 incubator.
Dynamic and static cell culture on the porous ceramic scaffolds
The HBDCs were seeded on the scaffolds in a commercially available Spinner Basket ® bioreactor (dynamic culture conditions) and on the scaffolds placed in 24-well culture dish (static conditions). One million cells per scaffold was used.
For a dynamic culture, scaffolds were located in the basket in the upper part of the bioreactor. The cell suspension in 500 ml of a standard culture medium was then added to the bioreactor. The basket was instantly placed in the incubator (37 • C in 5% CO 2 ) on the magnetic stirrer (speed ≈ 60 rpm). Due to the inner construction of the bioreactor, which extorted the direction of the medium movement, the continuous medium flow through the scaffolds was applied. The standard culture medium was changed to the osteogenic medium (described above) on day seven. The culture was continued up to five weeks. The 20% of the medium was changed twice a week.
In parallel to dynamic culture, static culture of HBDCs was performed on the porous scaffolds located in 24-well culture disks. The medium (1.5 ml in each well) was changed at the same time points as in the bioreactor and the observation time was the same, i.e. five weeks.
Cell viability assay (XTT)
The HBDCs viability was assessed in the culture on dense disks (in 96-well culture dishes) -on day 3 and 10, as well as on porous scaffolds (in 24-well culture dishes) -after 3 and 5 weeks. The cellsscaffold constructs incubated in dynamic conditions were taken out of the bioreactor after 3 or 5 weeks placed into 24-well dishes in order to perform the cell viability test.
Cell viability was assessed by the 2.3-bis(2methoxy-4-nitro-5-sulfophenyl)-5-[(phenyloamino) carboxyl]-2H-tetrazolium hydroxide (XTT) assay. The assay is based on the capacity of mitochondrial dehydrogenase enzymes in living cells to convert the yellow water-soluble substrate into a highly colored water-soluble product. The amount of colored product is proportional to the number of living cells and their metabolic activity.
The cultures were washed with PBS and then XTT (0.45 mM, Sigma) and phenazine methosulphate (7.5 µM, Sigma) solution in DMEM were added in a volume of 0.17 ml per well of the 96-well dish or 1.02 ml per well of the 24-well dish.
After 4 h incubation in 37 • C, supernatants (0.12 ml) were collected and their absorbance was read in a microplate ELISA reader at 450 nm.
Cell differentiation assay
Cell differentiation was assessed with alkaline phosphatase (ALP) enzymatic activity which is considered a good marker of early stages of osteoblast differentiation. The assay was performed on day 10 in the HBDCs culture on the dense disks and after 5 weeks in cell culture on the porous scaffolds.
Alkaline phosphatase activity was quantified by ALP Assay Kit (Sigma). The cell lysates were prepared by adding 0.1 ml of 10 mM TrisHCl-0.1% Triton X-100 into each well of the 96-well dishes or 1 ml into a well of 24-well dish. The conversion of paranitrophenylphosphate to para-nitrophenol by ALP lasted 30 min in room temperature and the absorbance was measured in a microplate ELISA reader at 405 nm.
Total protein content on the porous ceramics
The total protein content was evaluated after 5 week cell culture on the porous scaffolds with Pierce BCA Kit according to manufacturer's instructions.
Cell morphology and cells distribution within the scaffolds -Image analysis
The cells were fixed with glutaraldehyde and stained with a DNA-specific Hoechst33342 dye (Sigma) on the day 3 -for morphology assessment on the dense ceramic disks and after 5 weeks of dynamic and static culture on the 3D porous scaffolds -for visualizing cell distribution. Cells morphology was visualized on the dense samples due to the aldehyde-related fluorescence (excitation 510-560 nm; emission: 575 nm) and nuclei distribution either on the surface of the ceramic disks or on the surface of the scaffolds was detected at UV light (excitation: 355 nm; emission: 460 nm) in a fluorescent microscope (NIKON ECLIPSE TE 2000-U) with Digital Sight DS-U1 camera.
On the dense samples an image analysis has been performed as follows: corresponding pictures of the cell nuclei (Hoechst fluorescent dye) and cytoplasm (glutaraldehyde-induced fluorescence) on the dense disks and control wells were taken and then assessed quantitatively by a MicroMeter software designed at the Faculty of Materials Science and Engineering, University of Technology in Warsaw. The analysis was performed before cells reached confluence in order to let them spread freely.
The pictures were originally saved in 256 shades of grayscale. Shadow correction was performed to eliminate the non-uniform lighting of the photographs. Gaussian filter (3 × 3 matrix) was applied in order to remove digital imaging artifacts. The images were subjected to binarization to show essential elements of structure like cells. To recognize the cells we assigned each pixel with white color. The binarization threshold was determined with manual method based on grayscale histogram distribution of gray images.
The following parameters were measured: the number of cells per unit area, mean cell area, equivalent diameter of the cell projected on the analyzed surface (d2), cell elongation (shape factor α) and variation of curvature (shape factor β).
Statistical analysis
To verify the significance of observed differences in the cell functions, number and morphology between the examined ceramics and time points, one-way ANOVA, with post hoc Tukey's Multiple Comparison Test were used. The differences were considered statistically significant at p < 0.05. The analysis was performed using GraphPad Prism software.
Results and discussion
Calcium phosphates dense disks and porous scaffolds characteristics
For the study three CaPs materials, i.e. αTCP, CHA and BCP were generated (see Table 1 for the detailed characteristics). Total porosity of the porous scaffolds ranged from ∼66 to ∼83% while for the dense forms the value was ∼1-2%. The microstructure of the sintered bioceramics is presented in Fig. 1 . The obtained porous scaffolds contained approximately spherical macropores, of about 650 µm in diameter. Although the scaffolds were prepared according to the same protocol, surface morphology differed among the materials as can be seen on the pictures (Fig. 1) . Particularly, micropores below 1 µm in diameter could be noticed on the surface of dense αTCP. The cell-contact surface was similar but not identical comparing the flat samples and the 3D scaffolds for each particular material.
HBDCs cultured on the dense ceramic disks of BCP, CHA and αTCP
Cell viability
Viability of HBDCs after 3 days of culture on the surface of dense BCP disks was comparable to the TCPS control, as determined in the XTT assay ( Fig. 2(a) ). Although viability of cells cultured on CHA and on αTCP was significantly lower, still it reached the 78% and 81% of the control, respectively. After 10 days, cell viability on the ceramic surfaces was comparable for all the ceramic types and reached about 75% of the control (Fig. 2(b) ). The results of XTT assay reflect the activity of the mitochondrial enzyme. Therefore, if cells metabolism is not affected by the experimental treatment, the XTT assay provides the information about the size of the living, i.e. metabolic active cells in the population. Since the starting cell number was equal in all groups and the cells were not exposed to any toxic substances, XTT assay results can be indirectly interpreted as a marker of cell proliferation. Under the particular conditions of this experiment, cells reached confluence between the day 3 and 10. Therefore, cell viability measured on day 10 may be influenced not only by a direct cell-material contact but also by cell-cell relations. For that reason, the results on the day 3 ( Fig. 2(a) ) are more demonstrative for the material-dependent cell viability. In this way, BCP should be indicated as the most suitable matrix for cell proliferation of the tested materials. Nevertheless, good tolerance of HBDCs of all investigated ceramics has been confirmed.
Alkaline phosphatase activity
The alkaline phosphatase activity has been normalized to the values obtained in the XTT assay indicating the size of the living cells population. Alkaline phosphatase activity after 10 day cell culture on the dense ceramic samples was found to be the highest for BCP (6.2 Sigma Units, comparing to 3.5 Sigma Units in the control -data normalized to the absorbance from XTT assay). Values obtained on the CHA (4.1 Sigma Units) and αTCP (4.5 Sigma Units) were not significantly higher than in the control, but they were significantly lower comparing to BCP (Fig. 3) . Although ALP is not a specific marker of the osteoblastic phenotype, it is commonly accepted as an early marker of the osteogenic cell differentiation and it accompanies osteogenic activity of bone-forming cells. The obtained results add a further feature in support of BCP rather than the other investigated ceramics.
Cell morphology and image analysis
The HBDCs observed in a fluorescent microscope were homogeneously distributed on the surface of all the ceramic disks as well as in the TCPS control (Fig. 4(a-d) ). Image analysis of the cells nuclei and cell shape revealed that the number of cells per sample (either the ceramic disk or the bottom of the TCPS well) was significantly higher on the BCP and αTCP ceramics than on the CHA or the control (Fig. 4(e) ). On the other hand HBDCs were the least spread on the BCPs -the average cell area as well as the equivalent diameter of the cell projected on the analyzed surface (d2) was significantly lower on BCPs than on the any other surface (Fig. 4(f), (g) ).
Elongation of the HDBC (shape factor α) (Fig. 4(h) ) was comparable to the control on the CHA disks, while the cells were significantly more elongated on the αTCP disk and more rounded (significantly lower α-factor) on the BCP. Variation of the cell curvature (shape factor β) (Fig. 4(i) ) was significantly lower on the BCP and significantly higher on CHA and αTCP comparing to the control.
Thus, both the size and the shape of HBDCs growing on BCP differed considerably as compared to the CHA and αTCP, which is an unexpected result given that the chemical structure of all investigated materials is similar. However, there is a common agreement that cell shape after spreading depends on many factors characterizing the cell-supporting surface [24] . There are also many data showing that cell spreading is correlated with cell wellness and its function [25] . For example, Saos-2 cells which grow more round on hydroxyapatite than on titanium were reported to exhibit more advanced differentia- Results of the image analysis, i.e., cell number (e), mean cell surface (f), equivalent diameter of the cell projected on the analyzed surface -d2 parameter (g), cell elongation -shape factor α (h), variation of curvature -shape factor β (i). (Colors are visible in the online version of the article; http://dx.doi.org/10.3233/BME-140965.) tion [26] . Also in our study, more round HBDCs on BCP dense disk exhibited more alkaline phosphatase activity than the cells on CHA, αTCP or culture dish.
However, although many particular results have been published on the potential relation between cell shape and cell fate, they are ambiguous and there is still no systematic knowledge regarding mechanisms which are responsible for those phenomena. Understanding the nature of the observed phenomena require further studies.
HBDCs cultured on the porous ceramic scaffolds of BCP, CHA and αTCP in static and dynamic conditions 3.3.1. Cell viability
The results of XTT assay, performed after three and five weeks of culture on the porous scaffolds of three types are shown in Fig. 5 . In general, independent on the time or conditions, cell viability was clearly the highest on the BCP scaffolds -values obtained in XTT assay were more than twice higher comparing to the other materials after three weeks in culture. The population of living i.e. metabolic active cells was rising between the third and the fifth week in culture, both under static and dynamic conditions for almost all materials. The exception were CHA scaffolds where the above was true only under static conditions. However, the rate of this growth was different. On BCP differences in the size of living cell population after three and five weeks were not significant independent on the culture con-ditions, while they were significant and particularly high (about 3-fold) on αTCP, both in static and dynamic culture. In the latter one it resulted in the final (measured after 5 weeks) cell viability comparable to those found on BCP (no statistically significant differences). It may be a consequence of more advanced differentiation process on BCP comparing to αTCP (discussed below) which may slow down cell proliferation. Anyway, cell population after 5 weeks on BCP is at least equally high comparing to αTCP and about twice higher than on CHA. Interestingly, in all cases, the size of living cell population was not affected by applying the dynamic culture conditions.
Similarly to the cell viability evaluated in a culture on the flat samples (Fig. 2) BCP turned out to be the most favorable support for HBDCs also in the form of 3D scaffolds.
Cell differentiation
Alkaline phosphatase activity (ALP) measured in cell lysates after five weeks of culture within ceramic scaffolds under either dynamic or static conditions is shown in Fig. 6 . It has been normalized to the XTT assay results representing the number of living cells.
ALP activity was found to be the highest in cells growing on the BCP scaffolds independently on the culture conditions. Values obtained on BCP were 3-fold higher comparing to αTCP (8.74 Sigma Units vs 2.31 in a dynamic culture and 3.88 comparing to 1.17 on αTCP in static conditions -all values normalized to the size of a living cells population measured in XTT assay). Differences between the values obtained for BCP and CHA were not significant ( Fig. 6(a) ). In all cases ALP activity was higher when the culture was performed in the bioreactor. For both BCP and CHA differences between the values measured in the static culture and the dynamic one were statistically significant (3.88 Sigma units vs 8.74 and 2.79 vs 7.44 respectively).
On the basis of these results it can be concluded that the osteogenic capacity of HBDCs in 3D culture on Ca-P scaffolds -as expressed by the ALP activity -is significantly promoted by applying a permanent medium flow through the scaffolds. Such phenomenon was reported by others also when using another systems of dynamic culture conditions of bone-marrow-derived-cells on the porous ceramic scaffolds [9, 27, 28] .
The results showing the highest ALP activity on the 3D BCP scaffolds as compared to αTCP and CHA is in a good agreement with the results obtained in a 2D culture on the investigated ceramics. This gives yet another reason to recommend BCP as a support for osteogenic cells transplantation.
Total protein content
The total protein content in five weeks cultures of HBCDs on the porous ceramic scaffolds is presented in Fig. 7 .
Protein content is comparable between all the ceramic types in static culture. However, there is a significant difference in protein content on each scaffold between static and dynamic conditions, which is particularly high on the BCP scaffolds.
Since the number of cells in tested population did not depend on culture conditions, the significantly higher total protein content in dynamic culture comes probably from the extracellular proteins. Thus, it is proposed that a dynamic culture conditions applied in our experiment promote the production of extracellular matrix by HBDCs in 3D Ca-Ps scaffold. Again, results for BCP are the most encouraging.
Cell distribution within scaffolds
The HBDCs were homogeneously distributed within all the scaffolds when the cell seeding and culture was performed in a bioreactor. Under the static conditions after five weeks culture more cells grew on the upper surface of the scaffolds than on the bottom side, independently on the material (not shown). An improvement of the homogeneity in cells distribution within the scaffolds is the most often reported advantage of the dynamic over the static culture conditions [6, 22] . A regular cell localization obtained by using a Spinner Basket ® bioreactor has been already reported by our group when smaller i.e., 6 mm in diameter and 4 mm in height polyurethane scaffolds were used [29] . Here, we confirmed that the applied dynamic culture conditions are efficient also for larger ceramic scaffolds (disks of 12 mm in diameter and 4 mm in height).
Conclusions
From among the three investigated Ca-Ps ceramics potentially desirable as scaffolds for BTEPs, i.e., BCP, αTCP and CHA, BCP was found to be optimal for HBDCs both on the flat and the 3D scaffolds and in static and dynamic culture conditions. In particular, number of living cells in short and prolonged observation, their osteogenic capacity assessed by the ALP activity, and extracellular matrix production in a 3D scaffold, were significantly higher on BCP in comparison with the other investigated Ca-Ps. In addition, the shape of HBDCs growing on flat BCP differed as compared to the other ceramics. This observation does not seem accidental, although we are not able to indicate the nature of the phenomenon. It should be underlined that all the evaluated ceramics were prepared using the same technology in one laboratory which strengthen the comparative value of the presented results. Therefore the obtained data could validate the recommendation of BCP as the suitable matrix for osteogenic cells expansion and differentiation prior to implantation in a tissue engineered system. Additionally, improved cell distribution within the 3D scaffolds, enhanced production of the extracellular matrix as well as more advanced osteogenic capacity of HBDCs -as can be judged by ALP activity -were confirmed for all investigated materials when a Spinner Basket ® bioreactor was applied. Even though the size of cell population did not augment under dynamic conditions in comparison to the static culture, these findings give a good reason to utilize the dynamic system for cell culture in 3D scaffolds intended for use in tissue engineering.
